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Abstract 

With  thermoplastic  matrix  resins,  “on-line”  consolidation  of  continuous-fiber 
composite  laminates  offers  the  potential  of  eliminating  the  post-placement 
autoclave  or  oven  curing  step,  thereby  simplifying  the  process  and  reducing 
costs.  The  aim  of  the  present  work  was  to  identify  key  variables  in  rapid  weld¬ 
bonding  of  thermoplastic  tow  (ribbon)  and  their  relationship  to  matrix  polymer 
properties  and  to  ribbon  microstructure.  Theoretical  models  for  viscosity, 
establishment  of  ply-ply  contact,  instantaneous  (Velcro)  bonding,  molecular 
interdiffusion  (healing),  void  growth  suppression,  and  gap  filling  were  reviewed 
and  synthesized. 

Consideration  of  the  theoretical  bonding  mechanisms  and  length  scales  and  of 
the  experimental  weld/peel  data  allow  the  prediction  of  such  quantities  as  the 
time  and  pressure  required  to  achieve  good  contact  between  a  ribbon  and  a  flat 
substrate,  the  time  dependence  of  bond  strength,  pressures  needed  to  prevent 
void  growth  from  dissolved  moisture  and  conditions  for  filling  gaps  and  smoothing 
overlaps 
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1.0  Introduction 


Automated  placement  of  unidirectional  tape  or  tow  is  increasingly  applied  for  the 
fabrication  of  composite  structures.  With  thermoplastic  matrix  resins,  “on-line” 
consolidation  offers  the  potential  of  eliminating  the  post-placement  autoclave  or 
oven  curing  step,  thereby  simplifying  the  process  and  reducing  costs. 

A  typical  thermoplastic  tow  placement  head  uses  hot  gas  or  lasers  to  heat  a 
shaped,  pre  consolidated  tow  just  as  it  meets  the  substrate.  Then  a  hot  shoe, 
belt,  or  roller,  presses  the  tow  down  as  it  cools,  Figure  1 .  The  consolidation  cycle 
thus  consists  of  a  rapid  heat-up  to  the  neighborhood  of  the  polymer  degradation 
temperature,  followed  by  a  fairly  rapid  cooling  as  pressure  is  applied,  Figure  2. 

On  the  next  pass  of  the  robot  head,  the  top  ply  is  again  heated  to  the  processing 
temperature.  Previously-laid  plies  below  experience  a  thermal  wave  as  the 
process  heat  diffuses  down  into  the  laminate  being  built  up,  Figure  1 .  The 
sequential  heating  waves  produce  a  step-wise  increase  in  the  inter-laminate 
bonding.  Figure  3,  [1 ,2]. 

The  consolidation  of  thermoplastic  plies  is  quite  different  from  the  processing  of  a 
typical  thermoset  laminate,  even  in  a  conventional  press-molding  or  autoclave 
operation.  The  viscosity  of  the  thermoplastic  is  much  higher,  so  large-scale  resin 
flow  and  squeeze-out  are  effectively  inhibited.  Instead,  the  consolidation  or 
welding  must  be  regarded  as  occurring  in  two  stages:  achievement  of  intimate 
contact  (wetting)  between  the  surfaces  being  brought  together;  and  interdiffusion 
of  polymer  chains  at  the  boundary  -  also  known  as  autohesion  or  healing  at  the 
interface. 

On-line  consolidation  has  been  achieved  for  the  filament  winding  of  closed  parts 
[3]  and  significant  effort  is  currently  being  expended  toward  accomplishing  on-line 
consolidation  during  automated  tow  placement,  ATP,  [4,5],  which  is  applicable  to 
a  wider  range  of  open  and  closed  part  geometry.  In  conjunction  with  the 
experimental  effort,  models  describing  on-line  consolidation  are  being  developed 
to  guide  the  research  effort  and  to  provide  a  basis  for  machine  control  systems. 

The  consolidation  models  serve  to  relate  machine  design,  operating  parameters, 
and  sensor  readings  to  the  processing  conditions  necessary  for  making  good 
quality  composite  parts.  Tow  placement  rate,  heat  flux,  temperature  and 
compactor  pressure  are  some  of  the  model  parameters  utilized  in  the  machine 
control  system.  The  purpose  of  the  controls  system  is  to  ensure  that  optimal 
bonding  conditions  are  provided  during  placement.  An  understanding  of  in-situ 
bonding,  which  deals  with  the  polymer  flow  and  molecular  chain  diffusion,  is 
important  in  developing  the  process  control  systems  needed  for  successful  on¬ 
line  consolidation  [6-8]. 

The  in-situ  bonding  kinetics  model  presented  here  draws  upon  past  and  current 
modeling  efforts.  It  also  utilizes  the  results  of  weld-peel  experiments  and  the 
related  morphological  examination  of  the  tow  and  weld  bonds  [2,9].  This 
information  provided  vital  insight  into  the  process  and  served  as  the  basis  for 
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modifying  current  models  in  developing  this  comprehensive  model  of  in-situtow 
bonding. 

1.1  Dimensions 

As  an  introduction  to  discussing  features  of  ATP  processing  that  rely  on  bonding 
models,  some  consideration  should  be  given  to  the  scale  of  the  variables  and 
model  parameters.  Perhaps  the  most  important  scale  issue  is  the  overriding 
concern  that  to  be  economically  viable,  thermoplastic  ATP  must  operate  at 
production  rates  which  require  the  heating  and  compaction  intervals  to  be  at  the 
most  a  few  seconds  In  duration. 

A  comprehensive  /n-s/fu  bonding  model  must  deal  with  a  wide  range  of 
dimensions  that  require  shifts  between  discrete  and  continuum  mechanics.  For 
example,  diffusion  bonding  occurs  by  polymer  chain  "reptation"  at  the  nanometer 
level  and  utilizes  molecular  weight  and  relaxation  distributions  to  describe  the 
process  at  the  micrometer  and  higher  levels.  On  the  other  hand,  the  intimate 
contact  model  was  originally  developed  at  the  millimeter  level.  It  was  assumed 
that  a  statistically  significant  number  of  micrometer  sized  fibers  were  present  so 
as  to  justify  the  use  of  a  fiber-matrix  viscosity.  For  ATP  ribbon,  the  scale  for 
intimate  contact  is  reduced  to  the  micrometer  level  and  the  fibers  must  be  viewed 
individually. 

Assessment  of  the  pressure  requirements  for  minimization  of  various  types  of 
voids  leads  to  the  conclusion  that  for  thermoplastic  ribbon,  tow-tow  gaps  and 
overlap  ridges  will  require  the  highest  compaction  pressure.  The  ribbon 
dimensions  are  at  the  millimeter  level  and  the  problem  lends  itself  conceptually  to 
a  new  application  of  the  original  intimate  contact  model. 

1.2  Placement  Zone 

ATP  is  inherently  an  unsteady  state  operation.  All  of  the  action  occurs  in  a  brief 
interval  and  over  a  short  distance,  Figure  1 .  In  the  placement  zone,  the 
temperature  Is  increased  rapidly  to  levels  that  give  rise  to  concerns  about 
polymer  degradation,  and  then  It  is  decreased  to  below  Tg  before  the  compaction 
pressure  is  removed. 

As  shown  in  Figure  2,  both  the  temperature  and  pressure  profiles  vary  over  the 
length  of  the  placement  zone.  At  the  front  of  the  zone,  heat  applied  to  the  tow 
and  laminate  begins  the  process  of  polymer  softening  or  melting  and  void 
formation.  This  heating  step  is  immediately  followed  by  the  application  of 
pressure.  Intimate  contact  is  achieved  shortly  after  pressure  is  applied  and  is 
followed  by  autohesion  bonding  which  proceeds  until  the  zone  is  cooled  below 
Tg.  Throughout  the  compaction  period,  pressure  is  exerted  to  contain  and 
minimize  voids. 

The  width  of  the  placement  zone  depends  upon  the  width  of  the  tows  and  the 
number  of  tows  being  placed,  and  can  change  during  tow  cut  and  add 
operations.  To  ensure  that  all  tow-tow  gaps  and  ridges  are  compressed  while  in 
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the  placement  zone,  the  compactor  is  slightly  wider  than  the  band  of  tows.  At 
any  distance  along  the  zone  length,  the  processes  occurring  across  the  width  are 
uniform.  In  passing  across  the  tow  band  array  width,  there  are  sequentially  the 
flat  ribbon-ply  regions  and  then  tow-tow  gaps  or  overlap  ridges. 

1.3  ’’On-Line”  Consolidation 

The  in-situ  bonding  models  serve  to  establish  a  processing  window  bounded  by 
the  upper  and  lower  limiting  values  of  the  processing  conditions  within  which 
good  quality  composites  may  be  made.  In  principle  [1],  on-line  sensors  that 
monitor  processing  conditions  during  tow  placement  send  information  to  the 
computer  controller.  The  control  program  utilizes  elements  of  the  bonding  model 
to  assess  where  the  system  is  in  the  processing  window  and  determines  what 
operating  adjustments  may  need  to  be  made. 


2.0  intimate  Contact 

When  two  surfaces  are  brought  into  contact,  there  is  immediate  adhesion  arising 
from  the  effects  of  surface  work  changes,  but  the  adhesive  strength  achieved  by 
this  process  is  relatively  low  [10].  For  the  adhesive  strength  to  approach  the 
polymer  strength,  there  must  be  an  interchange  of  material  across  the  interface 
by  some  sort  of  diffusion  process.  For  this  process  to  occur,  there  has  to  be 
intimate  contact  between  the  surfaces. 

2.1  Ply  Surface  Roughness 

Current  on-line  consolidation  modeling  draws  on  the  intimate  contact  model 
proposed  by  Dara  and  Loos  [1 1]  as  refined  by  Lee  and  Springer  [12].  Composite 
laminates  are  formed  by  laying  up  unidirectional  plies  of  prepreg.  Since  the  ply 
surfaces  are  uneven,  gaps  are  present  between  plies  prior  to  the  application  of 
heat  and  pressure.  Thermoplastic  matrix  resins  do  not  flow  into  the  gaps 
because  of  their  high  melt  viscosities,  so  to  attain  intimate  contact  between 
adjacent  surfaces,  the  surface  roughness  must  be  deformed. 

For  modeling  purposes,  it  is  assumed  that  the  ply  roughness  may  be  represented 
as  rectangular  ridges  comprised  of  unidirectional  fibers  and  polymer.  Figure  4. 
The  degree  of  intimate  contact.  Die .  is 


Die -bl(wo+bo)  (1) 

bo  and  b  are  the  initial  and  instantaneous  widths  of  roughness  elements,  and  wo 
is  the  initial  distance  between  adjacent  elements.  Since  the  element  volume  is 
constant,  for  unit  length,  vo=  aobo=  a  b 

^ic  —  I  o)/(l+wobo )  (2) 

For  conservation  of  mass  in  the  control  volume  of  width  tfy ,  Figure  4, 
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a  duy/dy  +  da/dt  =  0  (3) 

y  is  the  coordinate  along  the  interface  and  t  is  time.  For  laminar  flow  of  the 
resin-fiber  system  into  the  gap  between  roughness  elements  [12] 

uy  =  -((^  l(12  ^)(dPldx)  (4) 

where is  the  viscosity  of  the  fiber-polymer  mixture.  If  the  scale  of  the 
deformation  is  greater  than  the  distance  of  a  fiber  from  the  surface  [1 3] 


(5) 


Vf  is  the  fiber  volume  and  T  is  the  packing  factor. 


Combining  Equations  3  and  4  and  integrating  with  the  conditions  P  =  Pe 
at  y=bl2  gives 


P-Pe  =  (6p„rflc^  )(da/dt)[y2-bl2pj  (6) 

For  a  ply  of  length  A  and  width  B  under  a  force  F ,  the  force  applied  per  unit 
length  of  roughness  element  is 

/=  (F/A)(l/n) 

and  the  number  of  elements 


giving 


n  =  B/(bo  +  wo) 

/=  (Ff(A  B))(bo  +W0 }  =  Pof^  (bo  +wo)  (7) 


where  P^pp  is  the  applied  pressure.  The  force  applied  to  an  element  is  balanced 
by  the  pressure  inside 


bti 

/=  \iP-P,)dy 

-bn 


(8) 


Combining  Equations  6,  7,  and  8  and  integrating  using  constant  or  average 
values  for  t  and  P  gives  [1 2] 


a 


£52aL(l  +  ii:o)(£o)2,ji/5 


(9) 
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Dropping  the  assumption  of  constant  T  and  P,  and  using  Equation  2  gives  the 
relationship  developed  by  Mantell  and  Springer  [8]  for  the  degree  of  intimate 
contact 


The  tow  placement  process  is  nonisothermal.  In  fact,  it  involves  very  rapid  and 
significant  changes  in  temperature  and  pressure,  as  was  shown  in  Figure  2. 
Linear  viscoelasticity  theory  offers  a  basis  for  evaluating  the  time  integral  of 

Pappl^mf-  The  total  response  during  a  nonisothermal  process  with  any 
temperature  profile  T  =  Q(t)  is  equivalent,  via  the  Boltzmann  Superposition 
Principle,  to  a  hypothetical  isothermal  experiment  of  duration 


where  is  an  effective  time  and  a(T,To)  is  the  time-temperature  shift  factor 
relative  to  the  reference  temperature  Tq. 

If  To  is  chosen  to  be  Tg,  the  “Universal”  WLF  expression 

log{a(T,Tg)]  =  -17.44(T-Tg)l(51.6  +  T-Tg)  (12) 

may  apply,  and  the  integration  in  Equation  10  can  then  be  performed  for  a  given 
temperature  profile  [2], 

Assuming  that  the  integral  in  Equation  1 0  is  evaluated  in  keeping  with 
viscoelastic  theory,  and  that  P  and  values  are  calculated  as  weighted 
averages  over  the  placement  interval,  then  the  time  for  intimate  contact,  which 
occurs  when  Die  =!>  ca^  be  obtained  by  rearranging  Equation  10  to  give 


1 


5P 


w  (1  +  -^)  ^0 
^0 


(13) 


In  their  experimental  verification  of  Equations  10  and  13.  Lee  and  Springer  [12] 
measured,  as  a  function  of  molding  time,  temperatures  and  pressures, .the 
degree  of  intimate  contact  with  metal  mold  plates  that  was  achieved  by  plies  of 
APC-2  From  their  degree  of  intimate  contact  data,  reproduced  in  Figure  5a,  they 
obtained  agreement  with  Equation  10  by  using  wo/bo  =  I,  aoibo=  0.3  and 

1.14xl0-12[exp(26300IT]  Pa-S  (14) 
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The  corresponding  time  to  reach  intimate  contact,  Rgure  5b,  varied  with  pressure 
and  temperature.  At  382®C  and  50  psi,  for  example,  the  time  for  intimate  contact 
is  about  30  seconds. 

The  expression  used  by  Lee  and  Springer  [12]  for  the  neat  resin  (PEEK  150P) 
viscosity  in  their  impregnation  model,  was 

H  =  1.13xlO-^0[exp(191OOIT)]  Pa-S  (15) 

The  irnportant  role  of  viscosity  In  intimate  contact  may  be  illustrated  from 
Equations  14  and  15.  At  382  °C,  the  matrix-fiber  viscosity  from  Equation  14  Is 

/V=  31 ,260  Pa-sec,  and  the  neat  resin  viscosity  from  Equation  15  is 

fj.  =  520  Pa-sec,  so  that  =  60  .  Since  intimate  contact  is  proportional  to 
viscosity  (Equation  9),  the  contact  time  would  be  reduced  from  30  sec.  to  as  little 
as  0.5  seconds  if  the  surfaces  were  polymer  rich. 

The  difficulty  in  assessing  Equation  5  for  the  matrix-fiber  viscosity,  is  illustrated 
by  Mantell  and  Springer’s  use  of  the  expression  [8] 

132,95[exp(2969 IT]  Pa-S  (16) 

for  APC-2  In  place  of  Equation  14.  They  retained  the  use  of  Equation  15  for  the 
PEEK.  At  382  ®C,  Equation  16  gives  /v=  602  Pa-s.  That  Is,  Equations  14  and 
1 6  differ  by  over  50-fold  In  their  predictions  of 

2.2  ATP  Ribbon  Roughness 

To  date,  the  modeling  of  intimate  contact  has  assumed  the  roughness  element  to 
be  comprised  of  many  fibers  impregnated  with  polymer.  That  is  an  appropriate 
model  for  the  surface  of  prepreg  tape,  but  it  is  not  for  ATP  ribbon.  The 
thermoplastic  ribbons  used  In  ATP  are  consolidated  tows  with  roughness 
elements  having  dimensions  on  the  order  of  one  fiber  as  may  be  seen  from 
Figures  6  and  7. 

For  a  roughness  element  comprised  of  one  fiber  coated  with  polymer,  flow 
leading  to  intimate  contact  occurs  in  molten  polymer,  so  p  should  be  used  in 
Equations  1 0  and  13.  If  it  is  assumed  that  to  a  first  approximation;  wo  =  bo  =  an 
then  the  time  for  intimate  contact  becomes 

He  =  (11  /(5Pic))(ll2)(I)l(2)S .  1]  (17) 

=  3.1(li^ic) 

where  is  the  pressure  required  to  achieve  intimate  contact.  Equation  17  is 
proposed  as  the  model  for  intimate  contact  of  thermoplastic  tows  durina 
automated  placement.  ^ 
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In  the  discussion  of  Equation  13  above,  it  was  observed  that  if  the  neat  resin 
viscosity  were  used,  the  intimate  contact  time  for  PEEK  plies,  at  381  ®C  and  50 
psi,  would  be  reduced  from  30  seconds  to  0.5  seconds.  As  an  example  of  the 
use  of  Equation  1 7,  consider  a  polymer  having  a  viscosity  of  1 0,000  Pa-s.  If  the 
time  to  achieve  intimate  contact  is  to  be  0.1  seconds,  the  pressure  that  must  be 
applied  may  be  calculated  to  be 

Pic  =  =(3.1 )(10,000m-i)  =310  kPa  =  45  psi 

An  intimate  contact  time  of  0.1  seconds  and  an  applied  pressure  of  45  psi  are 
attractive  values  in  making  sandwich  structure  (which  requires  skin  placement  on 
honeycomb  core). 

2.3  Polymer  Crystallinity 

While  matrix  crystallinity  in  the  final  composite  is  included  in  most  models  [14], 
the  role  of  polymer  crystallinity  in  achieving  intimate  contact  during  ATP  is  not. 
Some  insight  into  the  development  of  bond  strength  is  provided  by  studies  of  the 
heat  sealing  of  polyethylene  films  [1 5].  Experiments  indicate  that  film  seal 
initiation  begins  abruptly  for  polyethylenes  at  the  temperature  for  which  the 
polymer  is  77%  amorphous.  That  is,  to  obtain  good  seal  bonds,  the  films  must 
have  less  than  23%  crystallinity,  and  bond  quality  falls  off  sharply  at  higher  levels 
of  crystallinity.  This  finding  is  consistent  with  the  Dahlquist  criterion  for  pressure- 
sensitive  adhesives  [1 6). 

In  the  model  of  film  sealing  [15],  the  surface  of  a  film  is  rough  on  a  microscopic 
scale,  and  the  films  are  initially  in  intimate  Van  der  Waals  contact  at  only  a 
fraction  of  the  apparent  contact  area.  When  heat  is  applied,  melting  of  the 
crystalline  polymer  occurs,  and  the  application  of  slight  pressure  causes 
increased  molecular  contact,  or  wetting,  of  the  molten  film  surfaces.  Given 
sufficient  time,  polymer-chain  segments  from  opposite  sides  of  the  interface 
diffuse  across  the  interface  and  create  molecular  entanglements  between 
molecules  in  the  interfacial  zone.  Subsequently,  cooling  and  crystallization 
occur,  yielding  a  heat  sealed  joint. 

Most  of  the  polymers  used  in  ATP  have  a  fairly  low  degree  of  crystallinity.  For 
example,  PIXA  tows  have  heats  of  melting  on  the  order  of  5  J/g,  while  the  PIXA 
perfect  crystal  has  a  heat  of  melting  of  1 39  J/g  [17].  Thus,  the  PIXA  matrix  is 
less  than  5%  crystalline.  Also,  the  melting  temperature  range  for  polyimides  is 
smaller  than  that  of  polyethylenes.  In  view  of  this,  it  is  not  proposed  to  include  a 
polymer  crystallinity  component  in  the  ATP  intimate  contact  model.  However, 
the  heating  and  cooling  illustrated  in  Figure  2  may  be  too  rapid  for  melting  to 
occur.  In  this  case,  crystalline  polymer  surface  areas  would  fail  to  wet  and  bond, 
resulting  in  a  reduction  in  composite  properties. 

2.4  Fiber  Deformation 

The  process  for  making  thermoplastic  ATP  tow  ribbons  involves  consolidation 
and  shaping  while  the  impregnated  tow  is  under  significant  tension  [1,18]. 
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Therefore,  fiber  non-alignment  and  waviness  might  not  be  expected  to  be  an 
irnporlant  factor  in  achieving  intimate  contact.  However,  scanning  electron 
micrographs  of  the  ribbon  surfaces,  Rgure  8,  show  some  degree  of  fiber  non- 
alignment.  During  unidirectional  placement,  surface  fiber  non-alignment  could 
result  in  the  need  for  higher  consolidation  pressure  and  would  serve  to  create 
voids  in  the  composite.  In  addition,  when  plies  are  being  placed  in  other  than 
unidirectional  orientations,  fiber  deformation  at  the  gaps  between  adjacent  tows 
of  the  previously  placed  ply  is  a  concern  in  achieving  intimate  contact  and  void 
free  composites. 

Fiber  cun/ature  and  non-alignment,  and  the  resulting  fiber  deformation  during 
ATP,  are  not  included  in  current  ATP  models  [4,6,1 9J,  but  they  are  part  of  a 
filament  winding  model  [20].  The  fiber  deformation  model  proposed  by  Gutowski 
[21]  was  used  by  Carpenter  and  Colton  [20]  to  formulate  a  model  for 
thermoplastic  filament  winding.  Two  mechanisms,  polymer  flow  parallel  to  the 
fibers  and  fiber  bed  compaction,  are  assumed  to  occur  during  the  formation  of 
intimate  contact  and  the  removal  of  entrapped  air  as  the  tow  passes  through  the 
compaction  region. 

In  assessing  the  value  of  incorporating  elements  of  a  filament  winding  model  into 
the  ATP  intimate  contact  model,  it  is  important  to  bear  In  mind  the  differences 
between  filament  winding  and  ATP.  In  winding,  the  tow  is  not  cut  and  the  parts 
have  convex  surfaces.  ATP  endeavors  to  be  applicable  to  any  part  geometry, 
including  concave  sections.  Also,  with  ATP  there  is  tow  cut  and  add  which 
greatly  reduces  the  tow  tension  that  can  be  applied  during  placement.  Both 
methods  use  essentially  the  same  heating  sources  and  pressure  application 
devices. 

The  Carpenter  and  Colton  model  determines  the  applied  force,  F, 
using  the  relationship 


where  W  is  the  tow  width,  x  is  the  position  along  the  compaction  length,  Pjx) 

Is  the  polymer  matrix  pressure  drop  for  flow,  F/x;  is  fiber  bed  pressure.  The 
applied  pressure  Papp  =  F/WL.  Pjx)  is  obtained  from  D’Arcy’s  law  with  the 
Kozeny-Carmen  permeability  expression  and  the  Carreau  model  for  shear¬ 
thinning  fluids.  The  expressions  for  these  factors  may  be  represented  by  a/v 
term  like  that  employed  in  Equation  6. 

The  prirnary  difference  between  these  models  is  in  the  coordinate  systems.  Lee 
and  Springer  [12]  use  a  fixed  coordinate  system  and  integrate  over  the  time  for 
heating  and  compaction  at  a  given  position  in  space.  Equation  10.  Carpenter 
and  Colton  use  a  moving  coordinate  system  and  integrate  over  the  length  of  the 
heating  and  compaction  zone,  Equation  18.  The  end  result  is  the  same  in  that  x 
and  t  are  related  to  the  linear  placement  rate,  U  =  xlt. 
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The  fiber  bed  pressure  distribution  [20]  is  described  by 


Pfix)  = 


(19) 


where  c  is  a  spring  constant  for  the  fiber  bed;  c  =  1 59  Pa  for  APC-2  [1 9].  Voo  is 
the  highest  fiber  volume  fraction  attainable,  Vq  refers  to  the  initial  fiber  volume 
fraction,  and  V^x)  is  the  fiber  volume  fraction  at  position  x  along  the  compaction 
zone. 

The  value  to  ATP  modeling  Of  the  Carpenter  and  Colton  model  for  filament 
winding  lies  in  establishing  the  way  to  Include  tow  surface  fiber  non-alignment 
and  tow-tow  gaps  during  placement  of  angle  plies.  As  part  of  an  on-line 
consolidation  model.  Equations  1 8  and  1 9  in  Equation  1 0  provide  a  general 
expression  for  the  degree  of  intimate  contact.  The  time  to  achieve  intimate 

contact.  Equations  13  and  17,  also  would  utilize  properly  averaged  values  of  /x 


2.5  Summary:  ATP  Intimate  Contact 

The  model  for  ATP  intimate  contact  discussed  above  is  depicted  in  Figure  6. 
Heating  melts  the  surface  polymer,  which  flows  under  the  compaction  pressure  to 
fill  surface  roughness  gaps.  In  addition,  fibers  move  laterally  due  to  the  applied 
pressure  to  fill  gaps.  Non-aligned  fibers  may  inhibit  this  movement  and  angle 
plies  may  not  fill  tow-tow  gaps  in  the  underlying  layer.  Either  of  these  factors 
may  give  rise  to  voids.  The  model  for  intimate  contact  during  tow  placement  is 
expressed  by  the  relationship 


tic  =  3.1  (fi  I  Pic)  (17) 

with  the  applied  pressure  being  the  sum  of  the  polymer  flow  pressure  and  the 
fiber  deformation  pressure  averaged  over  the  time  to  achieve  intimate  contact. 
Similarly,  the  polymer  viscosity  is  the  average  over  the  time-temperature  interval. 
Equation  1 1 .  Examination  of  this  expression  for  representative  values  of  //  and 
Pic  suggests  that  for  automated  placement  of  thermoplastic  ribbon,  the  time  to 
achieve  intimate  contact  is  of  the  order  of  0.1  seconds. 


3.0  Interfacial  Bonding 

When  two  samples  of  the  same  or  compatible  polymers  are  brought  into  contact 
at  a  temperature  above  their  glass  transition  temperature,  the  junction  gradually 
develops  Increasing  strength  until  the  full  fracture  strength  is  reached.  At  this 
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point,  if  the  polymers  are  identical,  the  interface  is  no  longer  distinguishable  and 
the  samples  are  fully  bonded. 

3.1  Autohesion 

The  diffusional  process  that  takes  place  across  the  polymer-polymer  interface 
derives  from  the  random  molecular  motion  at  temperatures  greater  than  Tg.  The 
molecular  motion  in  entangled  polymer  melts  is  described  by  three  components 
[1 0].  They  are  a  longitudinal  displacement  by  reptation,  segmental  transverse 
reorganization  of  the  chain,  and  rotational  movement  in  the  chain.  These  form  an 
overall  chain  motion  that  may  be  characterized  by  a  three-dimensional  diffusion 
coefficient. 

The  diffusion  of  molecular  chain  segments  across  an  interface  gives  rise  to  an 
inter-penetration  of  chains  and  to  the  formation  of  physical  links  between 
molecules  from  different  sides  of  the  interface.  This  process  of  polymer 
interfacial  healing  or  welding  is  described  by  the  polymer  molecular  chain 
reptation  theory  of  de  Gennes  and  Edwards  [16]. 

In  the  reptation  model  of  molecular  chain  movement,  entanglement  with  adjacent 
chains  imposes  a  constraint  upon  the  chain  which  restricts  lateral  motion.  That 
is,  the  chain  is  confined  to  move  backward  and  forward  along  a  cunrilinear  length, 
or  tube,  and  only  the  chain  ends  can  exit  the  tube.  Because  the  chain  ends  are 
free  to  move  in  a  random  direction  away  from  the  tube,  the  initial  tube  position  in 
space  is  gradually  lost.  The  ends  of  the  chain  that  have  relaxed  from  their 
original  position  are  referred  to  as  minor  chains  [22].  The  reptation  time  is  the 
interval  over  which  the  chain  completely  loses  Its  original  configuration. 

Since  de  Gennes  proposed  it  in  1971 ,  the  reptation  model  has  been 
experimentally  confirmed  and  the  theory  refined  and  extended  by  a  number  of 
investigators.  These  include  adjustments  for  minor  chain  models,  nonlinear 
chains,  interface  crossing  frequency  analysis,  and  a  nonisothermal  shift  factor 
[4,6,22.23,24]. 

Reptation  theory  predicts  that  the  degree  of  autohesion  is  proportional  to  the  one- 
fourth  power  of  the  time  lapse  from  when  intimate  contact  was  established,  and 
proportional  to  the  molecular  weight  to  powers  ranging  from  1/2  to  5/4  depending 
on  the  range  of  molecular  weights  [1 6].  In  their  theoretical  assessment  of  the 
time  dependence  of  the  crossing  density,  and  in  related  experiments,  Prager  and 
Tirrell  [23]  found  that  the  dependency  Is  to  the  one-heilf  power  of  time  if  the  initial 
contact  is  between  surfaces  which  have  been  equilibrated  against  a  gas  phase. 
Alternatively,  if  the  contacting  surfaces  contain  many  chain  ends,  such  as  might 
be  found  at  fracture  surfaces,  the  time  dependency  is  to  the  one-fourth  power. 

With  the  exception  of  Loos  and  LI  [6],  who  use  a  one-half  power  time 
dependency  in  their  non-isothermal  autohesion  model,  most  modelers  express 
the  time  growth  of  interfadal  bond  strength  using  a  reptation-based  one-fourth 
power  time  relationship  of  the  form 
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W(oo) 
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where  H(t)  is  the  interfacial  bond  strength  at  time  t,  H(oo)  is  the  ultimate  bond 
strength  or  fracture  strength  of  the  polymer,  and  tr  is  the  reptation  time. 

The  reptation  time  is  related  to  temperature  by  the  Arrhenius  equation.  In  the 
chain  relaxation  distribution,  reptation  represents  the  longest  relaxation  time, 
which  corresponds  to  the  time,  tr,  needed  for  a  chain  to  escape  from  its  original 
tube.  In  terms  of  molecular  quantities,  Doi  [25]  gives 


it\TN, 


where  N  is  the  number  of  segments  in  the  chain,  p  is  the  segment  length,  T  is 
absolute  temperature,  ks  is  Boltzmann's  constant,  Ne  is  the  number  of  segments 
between  entanglements,  and  C's  a  friction  constant  related  to  diffusion  in  the 
melt. 

In  his  study,  Aganval  [26]  reviewed  the  difficulties  with  earlier  attempts  to 
measure  the  reptation  time  of  polymer  melts.  From  rapid  compression  molding 
experiments,  he  determined  the  time  required  for  consolidation  of  APC-2  to  be 
rapid,  less  than  7  seconds.  In  mapping  his  non-isothermal  processing  data  to 
isothermal  conditions.  Equation  1 1 ,  the  bonding  time  at  400  ®C  for  APC-2  was 
estimated  to  be  approximately  0.1  seconds.  From  rheometric  experiments,  the 
relaxation  time  for  PEEK  1 50G  was  determined  to  be  0.04  seconds  at  390  ®C, 
which  compares  well  with  a  bonding  time  of  0.1  seconds  at  400  °C.  From 
reptation  theory,  Agarwal  calculated  that  the  relaxation  times  range  from  1 0'^ 
seconds  for  the  low  molecular  weight  chains  in  the  melt  to  1 00  seconds  for  the 
higher  molecular  weight  chains. 

3.2  Molecular  Velcro 

The  immediate  adhesive  strength  arising  from  the  effects  of  surface  work 
changes  when  two  surfaces  are  brought  into  contact  is  low,  unless  there  is  some 
initial  molecular  interchange  across  the  interface  [10].  Upon  contact  of  two 
polymer  surfaces,  there  is  the  possibility  of  an  initial  exchange  of  molecular 
chains  at  the  surface. 

Most  of  the  autohesion,  or  healing,  experimental  studies  have  dealt  with  contact 
times  ranging  from  1  to  100  minutes,  and  the  scatter  of  the  data  has  been  such 
as  to  justify  simple  extrapolation  to  zero  bonding  at  zero  time  [6,1 0,1 2].  An 
exception  is  the  studies  of  Hinkley  and  co-workers  [2,9]  who  used  IR  heating  to 
study  composite  ribbon  welding  at  heating  times  as  short  as  five  seconds.  Their 
data  imply  the  possibility  of  initial  contact  bonding  with  strengths  as  high  as  one- 
quarter  that  obtained  for  complete  welding. 
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In  their  molecular  Velcro  model  of  the  Initial  bonding  process,  O’Conner  and 
McLeish  [27]  considered  the  dynamics  of  the  process  in  three  stages:  rapid 
network  penetration;  mode  relaxation;  and  co-ordinate  hopping.  In  network 
penetration  the  chain  becomes  embedded  in  the  surface  layer  chain  network. 
Onc»  in  this  layer,  the  chain  may  tunnel  immediately  or  diffuse  in  the  layer. 

During  mode  relaxation  the  chain  may  back-track  down  its  current  tube,  or  tunnel 
into  a  new  tube.  During  co-ordinate  hopping  the  chain  end  moves  from  the  end 
of  its  initial  tube  to  the  end  of  a  new  tube.  These  three  stages  for  the  surface 
contact  dynamics  lead  to  a  “mushroom”  conformation  in  which  a  polymer  chain  is 
partially  in  both  surfaces  and  there  is  a  “mushroom”  of  coiled  chain  in  the 
interfacial  network  layer. 

Iri  explaining  molecular  Velcro,  McLeish  [28]  points  to  the  difference  In  energy 
di^lpated  in  fastening  and  unfastening  a  Velcro  strip:  there  is  a  great  deal  of 
noise  as  the  tangled  fibrous  strips  are  pulled  free,  and  silence  as  they  are  pushed 
together.  At  the  molecular  level,  the  driving  force  is  not  applied  pressure,  but 
entropy  in  that  the  chain  has  more  configuration  in  the  bulk  than  on  the  surface. 
Once  chains  have  made  an  initial  penetration  across  the  interface,  they  get  stuck 
in  a  metastable  state  leaving  a  “plume”  or  “mushroom"  of  polymer  that  must 
reptate,  or  diffuse,  further  to  complete  the  bonding  process.  This  model  may  help 
account  for  observed  short-time  bonding. 

3.3  Ultiinate  Bond  Strength 

Although  autohesion  is  controlled  by  a  diffusional  process,  the  achievement  of  full 
bonding  occurs  in  a  finite  time  rather  than  asymptotically.  Experimental  data  for 
crack  healing  and  autohesion  bonding  confirm  that  bonding  is  complete  in  a  finite 
length  of  time  [4,8,10-12,29].  Once  the  polymer-polymer  interface  has 
completely  bonded,  it  has  the  same  fracture  and  mechanical  strength  as  the  bulk 
polymer.  The  magnitude  of  the  bonding  time  is  dominated  by  the  higher 
molecular  weight  fraction  of  the  polymer  [24]. 

3.4  Summary:  ATP  Interfacial  Bonding 

At  a  given  interfacial  location,  the  build  up  of  bond  strength  begins  once  intimate 
contact  has  been  ^tablished  between  the  two  surfaces  and  proceeds  through 
the  reptation  time  interval.  Based  on  the  autohesion  and  molecular  Velcro 
models,  a  semi-empirical  expression  for  the  time  dependence  of  the  bond 
strength  would  be 


jm. 

H(oo) 


r//(0)^  rr-r^Y 

U(-)J  I  tr  J 


(22) 


where;  H(0)lH(oo)  is  the  degree  of  Instantaneous  Velcro  bonding,  t  is  the  total 

time  under  pressure,  (utic)  is  the  reptation  time  interval,  and  v  is  either  1/4  or 
1/2. 
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From  the  available  information,  it  is  likeiy  that  0  <H(0)lH(oo)  ^0.25  and  that 
0.1  <  tr  <100  seconds.  These  quantities  may  be  determined  empirically  for 
the  temperatures  and  polymer  molecular  weight  distribution  to  be  used  in  the 
ATP  process  by  fitting  to  Equation  22. 

Because  of  the  sensitivity  of  tr  to  molecular  weight  and  molecular  weight 
distribution,  control  of  batch-to  batch  variations  may  be  a  critical  issue  in 
achieving  reliable  and  reproducible  composite  processing  by  in*situ  ATP 
consolidation. 


4.0  Composite  Voids 

The  quality  of  a  composite  is  inversely  proportional  to  its  void  content. 
Thermoplastic  ATP  utilizes  fully  consolidated  tows  that  are  nearly  void  free. 
During  the  tow  placement  process,  however,  voids  may  appear  both  within  the 
tows  and  at  the  tow-tow  surfaces.  Intra-ribbon  voids  can  result  from  internal 
changes  in  the  tow  ribbon  due  to  entrapped  or  dissolved  air,  water  and  other 
volatiles,  and  possibly  from  the  release  of  fiber  stresses  upon  softening  of  the 
matrix.  Volume  changes  accompanying  polymer  melting  are  another  possible 
source.  Inter-ribbon  voids  may  occur  at  the  tow-tow  gaps  (due  to  the  failure  of 
tow  deformation  to  fill  gaps  during  placement)  and  may  also  occur  between  plies 
(as  a  result  of  failure  to  achieve  full  intimate  contact  between  the  surfaces  of  the 
tow  being  placed  and  the  previously-placed  ply). 

4.1  lntra*ribbon  Voids 

Heating  to  melt  the  polymer  bn  the  tow  surface  begins  prior  to  the  application  of 
compaction  pressure,  Rgure  2.  During  this  brief  interval  the  polymer  softens  and 
thermally  expands  and  any  crystallinity  that  It  has  probably  melts.  In  the  process, 
the  polymer  loses  strength  and  releases  carbon  fiber  stresses,  dissolved  volatiles 
and  entrapped  air.  This  results  in  void  formation  In  the  tow.  The  subsequent 
application  of  compaction  pressure  serves  not  only  to  stop  void  creation,  but  to 
reverse  it. 

Void  fonnation  and  equilibrium  stability  models  (1,20,30-32],  utilizing  phase 
nucleation  and  diffusion  controlled  growth  theory,  predict  the  pressure  required, 
at  a  given  temperature;  to  contain  and  eliminate  voids  in  composites.  For  void 
growth  to  occur,  the  void  pressure  must  be  larger  than  the  polymer  hydrostatic 
pressure  plus  the  surface  tension  forces. 

^23) 

^LV 

where:  Pg  is  the  void  pressure,  is  the  polymer  pressure,  is  the  surface 
tension  between  the  polymer  and  the  void,  and  miv  is  the  ratio  of  void  volume 
and  surface  area  of  the  void. 
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Voids  in  composites  have  been  extensively  studied  and  modeled  [30,31]. 
Primary  concern  focuses  on  the  role  of  air  and  water  in  the  voids.  Kardos  [30] 
proposed  the  relationship  between  void  pressure  and  temperature 

Pg  =  Pa^^lPl  (24) 


where:  Pa  is  the  partial  air  pressure,  which  increases  linearly  with  temperature:  xi 
is  the  water  concentration  in  the  resin;  and  Pj  is  the  water  vapor  pressure,  which 
increases  exponentially  with  temperature. 

The  compaction  pressure,  transmitted  via  Pe,  needed  to  overcome  Pg  and 
thereby  to  contain  void  formation  may  be  determined  from  Equations  23  and  24. 
For  example,  at  350  ®F  and  2%  moisture,  Pg  «  60  psia  [31].  At  these 
processing  conditions,  surface  tension  has  been  found  to  play  a  relatively  minor 
role  [20]. 

Fiber  bed  pressure,  Equation  19,  may  be  used  to  analyze  voids  arising  from  fiber 
deformation  stresses  that  may  be  in  the  consolidated  ribbon  and  released  during 
heating.  Because  the  ribbon  is  made  from  unidirectional  fibers  under  tension, 
voids  from  this  source  are  felt  to  be  of  minor  concern.  This  assumption  is  borne 
out  from  micrographs  of  welded  ribbon.  Figure  9,  which  show  bubble  type  voids. 

It  is  possible  that  they  were  nucleated  at  fiber  stress  points. 

4.2  Inter-ribbon  Voids 

Due  to  the  variations  in  tow  width,  there  are  gaps  between  adjacent  tows  that 
must  be  filled,  either  by  lateral  deformation  of  the  tow  during  initial  placement,  or 
by  vertical  deformation  during  subsequent  placement  passes  [1].  Many  ATP 
operations  program  the  controller  to  provide  a  small  degree  of  ribbon  overlap  to 
avoid  gaps.  The  resulting  overlap  ridge  must  be  flattened  to  eliminate  voids  and 
provide  a  smooth  laminate  surface.  There  is  also  the  potential  for  interlaminar 
voids,  or  delaminations,  due  to  failure  to  achieve  full  intimate  contact  between 
plies. 

The  processing  conditions  needed  for  intimate  contact  and  to  reduce  edge  voids 
and  ridges  may  be  determined  from  Equation  17.  Tow  deformation  is  depicted  in 
Figure  4  and  described  by  Equation  1 3.  As  an  Illustration  of  the  use  of  Equation 
13  to  predict  the  required  compaction  pressure,  consider  tow-gap  dimensions  of 
wo  =  0.010  Inches,  bo  =  0.250  inches,  and  oo  =  0.005  inches.  Substituting  into 
Equation  13  gives 


tic  =  77.8(Pf^lPk)  (25) 

1 0,000  Pa-s  and  the  gap  is  to  be  filled  in  0.5  seconds,  then  =  220  psia. 
This  is  the  pressure  that  must  te  exceeded  by  the  compactor  to  eliminate  the 
tow-tow  gaps.  Depending  on  the  extent  of  overlap,  a  somewhat  lower  pressure 
would  be  needed  to  flatten  a  ridge. 
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A  comparison  of  Equations  17  and  25  indicates  that  void  minimization  requires 
higher  pressure  than  wetting.  Using  Uc  in  Equation  25  is  conservative  in  that  the 
gap  filling  is  assumed  to  be  achieved  during  wetting.  The  gap  closure  period 
could  be  extended  into  the  reptation  interval.  This  would  reduce  the  required 
pressure,  but  would  risk  lower  composite  properties  due  to  incomplete  bonding. 

4.3  Summary:  APT  Void  Model 

The  ATP  compaction  device  plays  a  key  role  in  minimizing  void  content  in  the 
composite.  It  must  provide  pressure  in  excess  of  the  pressures  of  the  voids  that 
may  arise  in  the  tow  as  it  is  heated  and  it  must  force  ribbon  deformation  flow  into 
the  tow-tow  gaps. 

Equations  24  and  13  suggest  that  for  the  nearly  moisture-free  tow  ribbon  used  in 
ATP,  tow  internal  voids  require  less  compression  pressure  than  is  required  for 
tow  deformation  into  gaps  or  to  smooth  overlap  ridges  at  the  ribbon  edges. 
Consequently,  the  ATP  void  model  utilizes  Equation  13  in  the  form 

^0 

where:  is  the  pressure  needed  to  minimize  voids  in  the  composite,  bo  is  the 

tow  width,  ao  is  the  tow  thickness  and  wq  is  the  tow-tow  gap  or  the  ridge  width. 

^  is  a  function  of  ribbon  dimensions  and  polymer  viscosity.  Equation  5. 


5.0  Comprehensive  Ribbon-Ply  Bonding  Model 

For  thermoplastic  ATP,  the  proposed  tow-ply  bonding  modej  is  comprised  of 
three  elements:  intimate  contact,  interfacial  bonding,  and  void  minimization.  The 
phenomenological  features  of  these  processes  were  discussed  earlier  and  are 
quantified  by  the  expressions: 

Intimate  contact 

tic  =  3J(^i/Pic)  (17) 

Interfacial  bonding 


Hit)  _r//(0)^  [r-r^y 

Hioo)  [Hioo)j  [  t,  J 


(22) 


17 


Void  minimization 


^^ic  (1  H - 2.)  ^)  "0 

bfj 

These  equations  describe  the  role  of  polymer,  fiber,  and  tow  properties  in  the 
placement  process.  The  viscosity  and  reptation  time  relate  temperature  and 
molecular  weight  to  the  wetting,  or  intimate  contact,  time  and  to  bonding  and 
processing  pressure. 

To  complete  the  ATP  modeling  process  for  making  a  specific  composite  product, 
these  model  relationships  must  be  incorporated  into  solutions  to  the  differential 
heat  transfer  equations,  with  appropriate  machine-  and  product-spedfic  boundary 
conditions.  The  following  observations  from  Equations  17, 22,  and  26  indicate 
the  general  model  features  arid  how  they  relate  to  ATP  composite  manufacturing. 

In  the  design  and  operation  of  ATP  machines,  budness  considerations  such  as 
production  cost  minimization  are  expected  to  dictate  placement  rate,  tow 
dimensions  and  tow  band  width,  Polymer  properties  establish  the  temperature 
levels  (Tg,  Tm,  and  the  degradation  temperature)  within  which  the  polymer 
viscosity  and  reptation  time  are  determined,  with  proper  allowance  for  the  non- 
isothermal  nature  of  the  operation.  Equation  12. 

From  consideration  of  the  machine  and  product  dimensions,  a  practical  upper 
limit  may  be  placed  on  the  length  of  the  placement  zone.  Using  the  established 
placement  rate,  the  total  available  time  interval  may  then  be  determined  as  the 
zone  length  times  the  placement  speed.  This  placement  time  is  the  sum  of  an 
initial  pre-compression  healing  interval,  the  time  for  establishment  of  intimate 
contact,  the  reptation  time,  and  a  cooling  interval  at  the  end  of  the  compression, 
Figure  2.  The  time  above  Tg  is  comprised  of  plus  t, . 

The  choice  of  heat  sources  dictates  the  length  of  the  pre-consolidation  heating 
zone,  which  when  subtracted  from  the  total  zone  length  establishes  the  length  of 
the  pressure  compactor.  The  time  under  compaction  is  its  length  divided  by  the 
linear  placement  rate.  The  choice  of  compactor  cooling  methods  sets  the  zone 
length  needed  to  lower  the  temperature  below  Tg.  The  difference  between  the 
total  time  under  compaction  and  the  end  cooling  interval  is  the  time  period 

available  for  tic  plus  tr .  Thus,  with  H(t)/H(oo)=i  for  full  bonding,  all  the  terms  in 
Equations  1 7  and  22,  except  have  been  established  and  these  equations  may 
be  used  to  calculate  the  compaction  pressure  needed  for  intimate  contact. 

The  remaining  general  design  concern  is  void  minimization.  The  pressure  above 
which  voids  are  minimized  is  given  by  Equation  26  ,  where  is  obtained  from 
Equation  5  and  the  Arrhenius  relationship  for  the  polymer  viscosity,  e.g. 

Equations  14  and  16.  In  the  development  of  Equation  17  and  26,  it  was  apparent 
that  Pgv  >  Pic.  Thus,  the  choice  of  compactor  pressure  load  is  probably  dictated 
by  void  minimization  considerations.  Equation  26. 
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in  their  non-isothermal  autohesion  model  for  amorphous  thermoplastic 
composite,  Loos  and  Li  [6]  incorporated  a  transient  heat  transfer  analysis  into  a 
model  for  isothermal  autohesive  bond  development.  The  two  dimensional 
transient  Fourier  conduction  Equation  was  used 


dt 


dx 


)  +  3-(*3-) 

dy  ay 


(27) 


where  p  Is  the  density,  Cp  Is  the  specific  heal,  k  is  the  thermal  conductivity,  T  is 
temperature,  and  t  is  time.  The  isothermal  autohesion  model,  Equation  20,  with 
1/2  power  time  dependence,  was  used  with  the  WLF  expression,  Equation  12,  to 
establish  a  non-isothermal  autohesion  model.  A  finite  element  program  was 
utilized  to  numerically  solve  Equation  27  with  initial  and  heat  flux  boundary 
conditions.  The  calculated  temperatures  were  then  used  with  Equations  1 2  and 
20  to  determine  the  autohesion  bonding.  The  numerical  calculations  agreed  well 
with  experimental  data  [29]. 

The  effects  of  processing  conditions  on  void  growth  during  thermoplastic  fiber 
placement  has  been  modeled  by  Pithchumani,  Rangabathan,  Don  and  Gillespie 
[32].  They  identify  five  dominant  physical  mechanisms  involved  in  the  process: 
heat  transfer,  polymer  degradation,  intimate  contact,  healing  and  void 
consolidation.  Numerical  methods  were  used  to  solve  the  set  of  differential 
equations  that  describe  the  consolidation  squeeze  flow,  the  instantaneous  tow 
thickness  as  it  passes  under  the  roller,  and  the  spherical  void  compression.  In 
this  way,  the  void  fraction  and  tow  thickness  were  determined  as  a  function  of 
axial  location  along  the  process.  The  model  was  compared  with  experimental 
placement  data.  It  was  found  that  both  the  void  fraction  and  the  tow  thickness 
increased  with  increasing  temperature  and  decreasing  line  speed. 

A  similar  consolidation  and  void  reduction  model  developed  by  Ranganthan, 
Advani  and  Lamontia  [1 9]  predicts  the  change  in  void  content  due  to  applied 
consolidation  pressure  and  due  to  the  change  in  temperature  as  the  tow  passes 
under  the  compaction  roller.  Iterative  numerical  methods  were  used  to  develop 
computer  solutions  for  the  model.  It  was  found  that  the  required  compaction 
pressure  increased  linearly  with  increasing  tow  speed,  which  is  consistent  with 
Equation  26. 

In  their  discussion,  Ranganthan,  Advani  and  Lamontia  [19]  point  out  that  prior  to 
entering  the  compaction  roller  region,  the  tow  undergoes  some  thermal 
deformation.  They  observe  that  this  un-modeled  process  could  play  an  important 
role.  Ranganthan  et  al.  close  with  the  comment  that  one  of  the  primary 
purposes  for  developing  the  model  was  to  aid  on-line  control  of  the  placement 
process.  The  computer  execution  time  of  the  model  was  therefore  critical. 
However,  even  in  its  most  simplified  form,  the  model  takes  too  long  for  its 
predictions  to  be  of  use  on-line.  The  model  has  been  run  off-line  for  various 
parameters  in  the  processing  window  and  a  computer  look-up  table  constructed 
that  can  then  be  used  as  to  guide  on-line  control. 
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6.0  Ribbon  Weld-Peel  Experiments 

In  conjunction  with  the  development  of  the  /n-s/fu  bonding  kinetics  model,  rapid 
tow  welding  experiments  were  conducted.  These  tests  were  primarily  directed 
toward  confirmation  of  Equation  22.  Cross  sectional  micrographs  of  the  welds 
also  shed  light  on  the  void  growth  process. 

An  experimental  setup  capable  of  bonding  ribbons  in  a  few  seconds  [2,9]  was 
used.  The  ribbons  contained  IM7  fiber  and  either  a  thermoplastic  polyimide  or  a 
phenylethynyl-terminated  imide  oligomer. 

6.1  Materials 

IM7  fiber  (Hercules)  impregnated  with  PIXA  polymer  (Mitsui)  was  obtained  from 
Cytec.  PETI-5  powder-coated  tow  was  prepared  at  NASA  LaRC.  Both  materials 
were  ribbonized  at  LaRC.  The  consolidated  ribbons  were  about  6  mm  (0.25 
inches)  in  width  and  were  supplied  on  a  continuous  spool.  Specimens  were  cut 
at  approximately  15  cm  (6  inch)  lengths. 

Several  specimens  were  weighed  separately  and  then  dried  at  200®C  for  14 
hours.  After  drying,  the  ribbons  were  weighed  again  to  determine  if  any  residual 
solvents  and  moisture  had  evaporated.  The  PIXA  ribbon  showed  less  than  0.1  % 
weight  change.  The  PETI-5  ribbon  averaged  a  weight  loss  of  0.41%  with  a  ranoe 
of  0.39%  to  0.45%. 

Glass  transition  temperatures  of  PETI-5  and  PIXA  are  227°C  and  250°C 
respectively.  Results  from  a  differential  scanning  calorimeter  (DSC)  indicate  the 
heat  of  melting  of  the  polymer  in  the  ribbon  was  -1 0.62  J/g  of  polymer  for  PETI-5 
and  -4.656  J/g  of  polymer  for  PIXA. 

6.2  Equipment  and  procedures 

Figure  10  is  a  schematic  view  of  the  welding  apparatus.  An  infrared  lamp  is  used 
to  weld  the  ribbon  while  time-temperature  data  are  obtained  using  three  0.55 
mm-diameter  thermocouple  probes  positioned  along  the  centerline  of  the  weld. 
The  lamp  on-time  and  the  shutter  opening  and  dosing  time  are  governed  by  a 
personal  computer  via  solid-state  relays.  A  dead  weight  load  on  the  stage 
applies  pressure  to  the  ribbon-to-ribbon/glass  sandwich.  The  total  weld  surface 

area  and  effective  pressure  were  4.84x1 0-4m2  (0.75  in2 )  and  21 .1  kN/m2  (3  06 
psi)  respectively. 

A  portion  of  the  ribtons  were  drilled  with  three  holes  0.8  mm  In  diameter  and  1 .9 
cm  ^art.  When  this  procedure  Is  used,  the  thermocouple  probes  penetrate  the 
top  ribbon  and  rest  on  the  bottom  ribbon  at  the  interface  being  welded.  Because 
of  the  concern  over  the  effect  the  holes  might  have  on  the  peel  data,  another  8 
pairs  of  ribbon  were  welded  without  pre-drilled  holes  for  the  thermocouples.  In 
this  case,  the  thermocouples  rest  on  the  upper  surface  of  the  upper  ribbon. 
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Ribbon-to-ribbon  welds  were  made  with  varying  weld  times  (12,16, 20  and  24 
seconds). 

Three  welded  ribbon  4>airs  were  made  for  each  weld  time  for  each  material.  One 
of  those  welds  was  potted  in  epoxy  resin,  cross-sectioned,  and  polished  for 
micrography  using  a  variable  speed  grinder-polisher.  The  other  two  welds  were 
peeled  apart  at  room  temperature  at  a  rate  of  1.3  cm/min  to  determine  the  weld 
bond  strengths.  The  ASTM  Floating  Roller  Peel  Test,  D31 67-93,  was  used. 
Figure  1 1  depicts  the  test  fixture  and  illustrates  the  specimen  preparation  for 
peeling.  Cyanoacrylate  was  used  to  adhere  one  ribbon  to  the  rigid  aluminum 
substrate.  The  flexible  tape  on  the  other  adherend  helps  to  restart  the  peel  in  the 
event  of  a  break  in  the  ribbon.  The  tape  adhesive  is  stronger  than  the  ribbon-to- 
ribbon  weld,  so  peeling  occurs  at  the  ribbon-ribbon  weld  interface. 

During  peeling,  loads  were  recorded  approximately  15  times/second.  Figure  12 
shows  a  typical  set  of  peel  data.  Because  of  the  scatter,  a  consistent  procedure 
was  adopted  to  determine  an  average  peel  strength:  the  highest  one  hundred 
data  points  of  every  thousand  points  were  averaged.  Areas  of  initial  and  final 
slack,  unexplainable  spikes  and  fractures  were  eliminated. 

The  ribbon  surfaces  and  the  weld  peeled  surfaces  were  sputter  coated  with  gold- 
palladium  alloy  and  examined  with  a  Hitachi  scanning  electron  microscope  (SEM) 
at  a  magnification  of  500  times. 

6.3  Results  and  Discussion 

The  experimental  data  were  analyzed  to  obtain  information  about  the  weld 
bonding  process.  The  objective  of  the  analysis  was  to  determine  the  bonding 
kinetics  and  to  evaluate  the  bond  quality. 

Scanning  Electron  Microscope 

An  initial  step  in  bonding  is  to  achieve  wetting,  or  intimate  contact,  between  the 
adherends.  Therefore,  the  ribbon  smoothness  and  surface  composition  is 
important  to  welding.  Figures  13  and  14  show  SEM  photographs  of  PETi-5  and 
PIXA  as  received.  Individual  fibers  are  visibly  coated  with  polymer.  The  PIXA 
ribbon  surface  shows  that  the  fibers  are  linear  with  little  evidence  of  crossover. 
The  PETI-5  ribbon  surface  shows  some  fiber  crossover. 

Figures  15  and  16  are  SEM  photographs  of  the  separated  ribbon-glass  interface 
of  PETI-5  and  PIXA  at  the  24  second  lamp  times,  respectively.  The  glass  had 
been  painted  with  Frekote  mold  release  prior  to  welding  to  facilitate  removal  from 
the  glass.  The  figures  show  substantial  resin  flow,  but  incomplete  contact.  The 
shape  of  the  menisci  suggests  that  bubbles  were  trapped  against  the  glass. 

Figures  17  and  1 8  show  SEM  photographs  of  fracture  surfaces  after  the  peel 
test.  PETJ-5's  fracture  surface  is  characteristic  of  a  resin  which  is  not  fully  cured. 
The  PIXA  polymer  is  more  ductile  and  the  fracture  appears  to  be  primarily  at  the 
fiber-resin  interface. 
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PbbI  Data 


The  time  and  temperature  conditions  for  the  welds  are  presented  in  Tables  1  and 
2.  For  each  polymer,  thermocouples  were  located  at  the  welded  interface  for  8 
ribbon  pairs  as  described  in  the  Experimental  section. 


Table  1 


Welding  conditions  for  PETI-5  (Tg  =  227  °C) 


Lamp  On 
Time 
seconds 

time  to 
Reach 
tmax 

Tg,  seconds 

Total  Time 
Above  Tg, 
seconds 

Effective  Time  tgff 
(with  respect  to 
Tg),  seconds 

12 

5.6 

7.9 

mssm 

12 

6.2 

9.2 

3.138x10*  1 

16 

ld.4 

17.4 

371 

1.334x10*3 

16 

TS3 

15.5 

535 

■rrmnrM 

20 

14.1 

^3.6 

390 

20 

14.4 

24.7 

24 

18.5 

405 

1.228x10*4 

24 

17.5 

405 

1.228x10*4 

•12 

4.i 

6.3 

311 

3.767x10**3 

*12 

5.2 

TS3 

1.43x10*2 

*16 

7 

Kaa 

4.182x10*2 

*16 

9.5 

15.7 

9.386x10*2 

13.4 

21.5 

i^ai; 

mimmmm 

masm\ 

397 

17.4 

35 

418 

2.304x10*4 

*24 

1^:5 

434 

4.425x10*4 

Indicates  those  ribbons  without  the  predrilled  holes. 
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Table  2 


Welding  conditions  for  PIXA  Gg  =  250  ®C) 


Lamp  On 
Time, 
seconds 

Time  to 
Reach 
^max 

Tq,  seconds 

Total  Time 
Above  Tg, 
seconds 

■ 

Effective  Time  teff 
(with  respect  to 
Tg),  seconds 

12 

3.7 

4.d 

310 

iHEEBSEEHli 

12 

4.6 

6.1 

16 

8.8 

11.7 

6.77x10 1 1  1 

16 

WT~ 

14.6 

394 

- 

WT' 

19.7 

404 

20 

18.9 

■BFmnrf 

24 

17.1 

27.1 

415 

24 

24 

409 

*li 

4.1 

6.9 

3.528x10 'U 

— — 

4.5 

6.4 

340^ 

7.408x1 0'f^ 

•16 

6 

11 

364 

4.911xl0>' 

*16 

8.7 

11.6 

367 

1.494x10 '2 

- *50 - 

12.6 

18.5 

*20 

11.6 

15.4 

375 

*54 

16.6 

19 

423 

*24 

14.7 

405 

*  Indicates  those  ribbons  without  the  predrilled  holes. 


The  lamp-on  times  ranged  from  12  seconds  to  24  seconds.  Welds  below  12 
seconds  show  little  if  any  bond  strength,  while  the  bonds  for  24  second  heating 
are  strong  enough  to  fracture  the  ribbons  during  the  peel  test.  In  the  course  of 
the  peel  tests  for  those  ribbons  with  thermocouple  holes,  the  PIXA  ribbon  peeled 
uniformly,  while  PETI-5  tended  to  fracture .  However,  for  the  ribbons  without 
thermocouple  holes,  PETI-5  peeled  uniformly  and  the  PIXA  ribbon  fractured. 

As  expected,  the  highest  peel  strengths,  approximately  1 .5  kN/m,  were  obtained 
for  the  20  and  24  second-welded  specimens.  Weld  strength  did  not  correlate 
well  with  lamp  heating  time  alone  (Figure  19),  primarily  because  the  maximum 
temperature  reached  is  somewhat  variable.  Plotting  the  peel  data  versus 
effective  time  [2,9]  provided  a  better  correlation  (Figures  20  through  27).  For 
both  PIXA  and  PETI-5  the  bond  strength  thresholds  begin  at  about  0.5  kN/m; 
strengths  increase  with  Increasing  effective  time. 
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The  peel  strength  data  were  fitted  with  an  equation  that  accounted  for  molecular 
bonding  rates.  The  general  expression  (Chapters)  was: 

P  =  Po  + 

where  Pq  is  immediate  or  "Velcro"  bonding,  and  the  second  term  is  the  diffusiorial 
or  "reptation"  bonding.  The  constant  a  should  be  the  reciprocal  of  the  reptation 
time  to  the  l/«  power.  The  exponent  n  is  either  1/4  or  1/2  depending  upon  the 
condition  of  the  surface. 

The  values  of  Pq  and  a  obtained  by  least  squares  fitting  of  the  peel  data  (Figures 

20*23)  are  presented  in  Table  3.  Using  as  an  index  of  "goodness  of  fit",  the  fit 
is  seen  to  be  marginally  better  with  n  =  1/4. 


Table  3 
Fitting  parameters  for 


C_ _ Ei: 

ri-5  1 

n 

a 

PO 

? — 

1/4 

1.030x10-4 

0:35 

- - 

1/2 

1.666x10-8 

0.48 

1.41 

1  PIXA  1 

n 

a 

Po 

1/4 

3.630x10-8 

0.69 

2.22 

1/2 

1.605x10-8 

- - 

To  assess  the  merits  of  the  "Velcro"  intercept,  the  data  were  also  fit  to  a  simple 
reptation  model  of  the  form: 


P  =  a(tgff)n 

The  results  are  shown  in  Table  4  and  Figures  24  through  27. 
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Table  4 


Fitting  parameters  for  P  « 


1  1 

n 

a 

1/4 

2.318x10-4 

2.19 

1/i 

8653xT0^S 

4.84 

1  PIXA  1 

n 

a 

1/4 

3.731x10-4 

6.56 

1.408x10-'' 

_g_ 

Weld  Cross-Sectional  Micrographs 

The  upper-left  photos  in  Figures  28  and  29  are  of  the  ribbon  as  received;  they 
illustrate  the  differences  between  two  powder  prepregging  processes.  The  PIXA 
had  been  powder  coated  at  Cytec  and  the  PETI-5  at  NASA  LaRC.  Note  that  the 
PIXA  is  resin  rich  at  the  surface.  Both  ribbons  were  made  at  NASA  LaRC.  In 
both  materials,  the  surface  roughness  is  of  the  order  of  magnitude  a  fiber 
diameter. 

Void  generation  during  the  weld  bonding  process  is  a  major  concern.  Figures  28 
and  29  show  void  growth  for  various  weld  times.  The  infrared  radiation  was 
incident  from  the  right  side  of  the  photographs.  Note  that  the  ribbon  on  the  right 
shows  more  void  formation.  PIXA  had  less  than  0.1%  moisture  and  showed 
some  bubbles.  PETI-5  had  0.4%  moisture  and  more  void  growth.  In  addition, 
the  lower  melt  viscosity  of  PETI-5  may  contribute  to  the  difference  in  the  size  and 
prevalence  of  voids.  Examination  of  the  photographs  shows  that  void  growth 
appears  immediately  as  temperatures  approach  Tg.  Since  even  the  lightly 
welded  ribbons  show  significant  voids,  void  generation  appears  to  occur  more 
rapidly  than  weld  bonding. 

6.4  Conclusions 

To  better  understand  interfacial  composite  bonding,  thermoplastic  composite 
ribbons  were  welded  together  using  an  infrared  heater  and  then  peeled  apart. 
These  tests  were  accompanied  by  optical  and  SEM  micrographic  examination  of 
the  materials  and  their  fracture  surfaces. 

Bond  strength  was  observed  initially  at  0.5  kN/m  for  both  PETI-5  and  PIXA 
ribbons.  The  highest  measureable  peel  strengths,  approximately  1.5  kN/m,  were 
obtained  for  specimens  with  effective  times  at  Tg  of  1 0'*  ^-lO"' 5  seconds. 

SEM  of  fracture  surfaces  was  helpful  in  examining  the  degree  of  contact. 
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A  significant  number  of  bubbles  (voids)  were  observed  at  all  degrees  of  welding 
Weld  bond  strength  was  determined  as  a  function  of  effective  time  at  Tg.  The 

peel  strength-time  data  were  fitted  to  an  expression  based  on  diffusional 
interfacial  bonding.  The  data  correlate  slightly  better  with  n  =1/4  than  n  =1/2. 
The  identification  of  an  immediate  bond  strength  supports  the  molecular  Velcro 
model  for  initial  contact.  The  coefficient  a  is  related  to  the  reptation  time  at  Tg. 
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Figure  Captions 

1 .  Schematic  of  in-situ  thermoplastic  tape  laying  or  tow  placement 

2.  Illustrative  thermal  and  pressure  cycle  during  laydown 

3.  Proposed  development  of  interlaminar  strength  at  a  given  ply  boundary  during 

repeated  passes  of  the  placement  head. 

4.  Assumed  geometry  of  ply/ply  contact 

5.  Test  of  intimate  contact  squeeze  flow  model  (data  of  Lee  and  Springer  [12]  on 

APC-2) 

a.  degree  of  intimate  contact  vs.  time 

b.  time  for  complete  contact  at  various  temperatures  and  pressures 

6.  Sketch  showing  scale  of  surface  roughness  in  preconsolidated  ribbon 

7.  Cross  section  photomicrograph  of  PETI-5  ribbon,  note  smooth  surfaces  and 

lack  of  voids.  As  an  indication  of  scale,  thickness  of  the  ply  is 

approximately  125  pm. 

8.  SEM  micrograph  of  ribbon  surface. 

9.  Cross  section  of  welded  PIXA  ribbon  showing  voids.  Scale  same  as  Figure  7. 

1 0.  Exploded  view  of  welding  setup. 

1 1 .  ASTM  roller  peel  fixture  and  preparation  of  ribbons  for  peel  test. 

12.  Example  of  raw  peel  data.  Points  between  the  vertical  lines  were  averaged 

by  the  procedure  described  in  the  text. 

13.  SEM  of  PETI-5  ribbon  as  received 

14.  SEM  of  PIXA  ribbon  as  received 

15.  SEM  of  weld  surface  heated  in  contact  with  glass  plate 

16.  SEM  of  weld  surface  heated  in  contact  with  glass  plate 

17.  SEM  of  peeled  surface  after  fracture 

1 8.  SEM  of  peeled  surface  after  fracture 

19.  Weld  peel  strength  vs.  heating  time 

20.  PETI-5  peel  strength  vs.  effective  time  referred  to  Tg;  fit  with  intercept  and 

n  =  1/4 


29 


21 .  PETI-5  peel  strength  vs.  effective  time  referred  to  Tg;  fit  with  intercept  and 

n  =  1/2 

22.  PIXA  peel  strength  vs.  effective  time  referred  to  Tg;  fit  with  intercept  and 

n  =  1/4 

23.  PIXA  peel  strength  vs.  effective  time  referred  to  Tg;  fit  with  Intercept  and 

n  =  1/2 

24.  PETI-5  peel  strength  vs.  effective  time  referred  to  Tg;  fit  with  n  =  1/4 

25.  PETI-5  peel  strength  vs.  effective  time  referred  to  Tg;  fit  with  n  =  1/2 

26.  PIXA  peel  strength  vs.  effective  time  referred  to  Tg;  fit  with  n  =  1/4 

27.  PIXA  peel  strength  vs.  effective  time  referred  to  Tg;  fit  with  n  =  1/2 

28.  Cross  sections  of  PETI-5  ribtwn  and  welds  processed  at  various  times 

29.  Cross  sections  of  PIXA  ribbon  and  welds  processed  at  various  times 
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Bonding  at  deeper  ply  interfaces  is  by  diffusion  when  T  >  T 

ATP  HEATWAVE  BONDING  MODEL 

Figure  1 
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ATP  IN-SITU  CONSOLIDATION  CYCLE 

Figure  2 
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INTIMATE  CONTACT  RIBBON  SURFACE  ROUGHNESS  MODELS 

Figure  6 
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Figure  7 
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Figure  8 
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Figure  9 
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Fig.  16 
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Peel  Strength  vs.  Lamp  Time 


Fig.  19 
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Fig.  21 
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Fig.  22 
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Fig.  29 
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